In this paper, we present a coarse-grained model of a hydrated saturated phospholipid bilayer (dimyristoylphosphatidylcholine, DMPC) containing cholesterol that we study using a hybrid dissipative particle dynamics-Monte Carlo method. This approach allows us to reach the time and length scales necessary to study structural and mechanical properties of the bilayer at various temperatures and cholesterol concentrations. The properties studied are the area per lipid, condensation, bilayer thickness, tail order parameters, bending modulus, and area compressibility. Our model quantitatively reproduces most of the experimental effects of cholesterol on these properties and reproduces the main features of the experimental phase and structure diagrams. We also present all-atom simulation results of the system and use these results to further validate the structure of our coarse-grained bilayer. On the basis of the changes in structural properties, we propose a temperature-composition structure diagram, which we compare with the experimental phase and structure diagrams. Attention is paid to the reliability and interpretation of the model and simulation method and of the different experimental techniques. The lateral organization of cholesterol in the bilayer is discussed.
Introduction
Experiments in vitro and in vivo, performed to gain insight into the exact role of cholesterol in membranes, revealed its complexity. 1 Even for the extensively studied hydrated bilayer containing solely cholesterol and dimyristoylphosphatidylcholine (DMPC), the effect of cholesterol is not entirely understood. 2 In fact, as shown in Figure 1 , there is even no consensus on the qualitative form of the cholesterol-DMPC phase diagrams in the literature.
By definition, if a sudden change in the enthalpy of the system takes place, for example, as a function of temperature at constant pressure, a phase transition occurs. One of the most widely used methods to measure phase transitions of lipid membranes is differential scanning calorimetry (DSC). [3] [4] [5] With DSC, however, it is not possible to characterize the structural, mechanical, or dynamical properties of the bilayer in a given phase or to determine which forces drive the phase transition. 3 Several experimental methods to gain information on the structural, mechanical, and dynamical properties of a bilayer exist. For example, from NMR and X-ray scattering data, one can extract lipid tail order parameters;
6 from X-ray scattering one obtains electron density profiles, bilayer thickness, bending modulus, and area per lipid; 7, 8 and from fluorescence techniques and NMR, diffusion coefficients can be obtained. [9] [10] [11] The available experimental methods can either directly determine the phase boundaries (DSC) or yield information on structural, mechanical, or dynamical changes (NMR, X-ray, fluorescence). Therefore, the comparison between the phase diagram and the different diagrams showing structural, mechanical, or dynamical changes is not straightforward. Moreover, the different experimental techniques may not be sensitive to all changes that are induced by cholesterol. Molecular simulations should, in principle, allow one to simultaneously obtain information concerning a broad range of bilayer properties.
Using all-atom molecular dynamic simulations, many effects of cholesterol have been studied on several types of lipid Figure1. PublishedpartialphasediagramsofahydratedDMPC-cholesterol bilayer. T M and T P are the main and the pretransition temperatures of the pure DMPC bilayer, respectively. In (a), obtained from small-angle neutron scattering experiments which give information on the ripple structure, 73 L R is the liquid phase, P ′ is the ripple phase, and L c is the non-rippled gel phase. In (b), obtained from differences in membrane fluidity, observed using paramagnetic resonance spectra spin-labels, 74 region I denotes the liquid phase which can eventually contain two liquid-liquid immiscible regions; region II denotes a solid phase-fluid phase phase separation; and region III denotes a single-phase fluid region. In (c), which is a DPPC-cholesterol phase diagram obtained from DSC measurements and NMR, 58 s and L o are the solid phase and the liquid-ordered phase, respectively. bilayers. 7, [12] [13] [14] [15] [16] [17] The ordering and condensation effects have been observed in simulations of DPPC/Chol and DMPC/Chol mixtures. 7, [13] [14] [15] The study was extended to different types of sterols and also to bilayers containing sphingomyelin. 15 , 18 Pandit et al. 7 studied the packing of cholesterol around unsaturated lipids. Kucerka et al. 16 used molecular simulations to relate the simulated bilayer structure to experimental X-ray results thereby allowing a detailed comparison to the experimental models. Earlier studies 13, [19] [20] [21] [22] [23] [24] [25] used a united-atom model to investigate the impact of cholesterol and other sterol molecules on lipid bilayers. These studies use effectively less atoms by grouping a few of the atoms together. Those simulations obtain similar trends for the effect of cholsterol and other sterols. Pasenkiewicz-Gierula et al. 13, 21, 22 used those simulations to distinguish between the different types of cholesterol interactions. An extensive study by Hofsass et al. 25 followed the effect of cholesterol on the properties of a DPPC bilayer at various concentrations.
Unfortunately, the length scales (1-1000 nm) and time scales (1-1000 ns) required to study phase transitions of atomistic lipid models are simply not accessible with current computers. Very extensive simulations are required to reliably determine the phase boundaries, and therefore even a single-phase point requires much more resources than one has. To access the necessary length and time scales, various coarse-grained models of lipid bilayers have been developed. 26 A popular method to study the structure, mechanics, and dynamics of coarse-grained lipid bilayers is dissipative particle dynamics (DPD). 27 This approach has been successful in reproducing various structural properties of the different phases of a single phospholipid bilayer. 26, 28 Recently, coarse-grained models of lipid bilayers containing cholesterol have been developed. [29] [30] [31] [32] Murtula et al. 30 studied the lateral organization of cholesterol at intermediate cholesterol concentrations, while Marrink et al. 31 reproduced the condensation effect of cholesterol.
In a previous article, 32 we presented a coarse-grained model of DMPC and cholesterol, and we studied the physical mechanism of cholesterol condensation. We investigated how the condensation effect depends on the main structural aspects of cholesterol by comparing the effect of cholesterol with the effect of other alcohols. In this article, 32 we also presented some preliminary data on the phase diagram of cholesterol in DMPC. In the present article we build upon these results and present a more complete phase diagram. In addition, we make a detailed comparison of our coarse-grained simulations with experimental data and all-atom simulations.
In the present article, we first validate this coarse-grained model of DMPC and cholesterol furthersusing all-atom simulations, exploring more properties, and making a more extensive comparison with experiments. We study the effect of cholesterol concentration and temperature on the structure and mechanics of the phospholipid bilayer and on the lateral organization of cholesterol. We determine different structural transitions of the systemmoresystematicallyandconstructatemperature-composition structure diagram which we compare with the available experimental temperature-composition phase and structure diagrams. The simulations performed in this paper were in the NP ⊥ γT ensemble to allow variable hydration of the lipid head groups and closer relations to experimental conditions, compared to the simulations in the NVγT ensemble used in the article on cholesterol condensation.
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Model and Simulation Method
We adopted a mesoscopic representation of the molecular components of the system, namely, water, lipid, and cholesterol, where the mean molecular structure, hydrophobic interactions, hydrophobic mismatch, and the flexibility of the components are taken into consideration. Three types of beads are used: a water-like bead (w), a hydrophilic bead, which models a part of a head group of either the lipid or the cholesterol, and a hydrophobic bead, which is used to model a part of either the lipid hydrocarbon tail or the tetrameric ring and acyl chain of the cholesterol (see Figure 2 ).
In our model, we explicitly assume that hydrophobic mismatch between the cholesterol and the lipid hydrophobic tails is an important parameter regulating the cholesterol-lipid interactions. 5, [33] [34] [35] In this cholesterol model, we have chosen the parameters and number of beads such that the relative lengths of the different hydrophilic and hydrophobic parts of the cholesterol molecule are consistent with our lipid model.
At this point, it is important to mention that there is no consensus on the values of these parameters. Molecular simulations 22 and simple molecular models show that the hydrophobic length of a single cholesterol molecule is comparable with the hydrophobic length of a single DMPC molecule and that the length of the cholesterol tetrameric ring is comparable with the length of the cholesterol tail. Experiments by McMullen et al. 5 point out that, in a phospholipid bilayer, the total hydrophobic part of cholesterol matches with the length of a phospholipid tail containing 17 carbon atoms, i.e., 17.5 Å. DMPC, which contains a tail of 14 carbon atoms, should hence have a hydrophobic part that is 3-4 Å shorter than the hydrophobic part of cholesterol. We chose a cholesterol model in which the hydrophobic length is slightly longer than the DMPC tail length and in which the length of the cholesterol ring is equal to the length of the cholesterol tail.
In the phospholipid model, one hydrophobic bead represents three to four carbon atoms. To ensure that the effective volume of a cholesterol molecule is consistent with the lipid models, we assume that the cholesterol tail is represented by two beads and that the stiff tetrameric ring is represented by five beads. The five methyl groups are not directly represented in our model. Our model gives a temperature-independent area per cholesterol value of 40.3 Å 2 , which is in excellent agreement with the most recent experimental value of 41 Å 2 for a cholesterol monolayer. 36 At this point, it is important to notice that both the cholesterol and DMPC models are very simple and may thus represent a large variety of sterols and lipids. Experiments and all-atom The hydrophilic and hydrophobic beads are depicted in black and white, respectively. Angles restricted by a harmonic bending potential are specified. In Table ( e) the values of the soft-repulsive parameters a ij are given. molecular simulations indicate that the main effects of a sterol on a saturated lipid bilayer are independent of the type of sterol but that the degree to which a given sterol perturbs a lipid bilayer varies. 18, 20, 37, 38 As a result, the models used in this simulation study can mainly extract general effects of cholesterol on the DMPC structures.
The hydrophobic and hydrophilic interactions are modeled with soft-repulsive potentials, the strengths of which are shown in Figure 2 . The energy parameter a ww has been fitted such that the coarse-grained water has the same compressibility as water at ambient conditions. 27 It has been shown that the other energy parameter values can be linked to Flory-Huggins solubility parameters. 27 To be fully correct, these parameters should be refit at each temperature. However, we have found it fruitful to hold these parameters constant to explore the phase behavior in the vicinity of the ambient temperature of 24°C. As a result, the connection between the coarse-grained temperature, T r , and real temperature, T, is less well-defined than for the properties related to density. To relate these temperatures, we use the empirical estimate that T ) 108.75T r -8.6, with T r the reduced temperature, a relationship that was obtained by fitting to the phase transition temperatures. Harmonic bond and bond-bending potentials control the structure and the flexibility of the molecules (see Supporting Information).
The mesoscopic model was studied with the DPD simulation technique. 27, 39, 40 Since unconstrained lipid bilayers are essentially in a tensionless state, 41 we reproduced this condition by simulating the system in the NP ⊥ γT ensemble, where γ is the surface tension of the lipid bilayer, set to zero. We simulate this ensemble via a hybrid Monte Carlo (MC) and dissipative particle dynamics (DPD) approach. Each cycle of the simulation consists of one of the following possible moves: (1) a DPD trajectory of 1-50 steps which applies a thermostat to the dynamics, (2) a constant surface tension MC move, and (3) a constant normal pressure MC move. These moves are chosen with a likelihood of 60%/20%/20%, respectively. For a detailed description of the simulation method and its applications, we refer to the Supporting Information and to previous articles. [42] [43] [44] [45] To minimize finite-size effects, a sufficiently large bilayer patch should be simulated. We have performed simulations on several bilayers which contained 400, 1000, and 4000 molecules. Differences between simulation results of the bilayers containing 400, 1000, and 4000 molecules were found to be minimal. Hence we performed our systematic study on bilayers which contain 400 molecules, and the results presented in this article should barely be subjected to finite-size effects. Because the phase behavior of a lipid bilayer strongly depends on the level of hydration, it is important to ensure sufficient hydration. Moreover, phase transitions might occur with a change of the local hydration of the bilayer. 46 Therefore, we considered 25 water beads per lipid or cholesterol. The simulation in the NP ⊥ γT ensemble allows for local changes in the hydration of the bilayer head groups. The normal component of the stress tensor, P ⊥ , is equal to the bulk pressure of the water phase. This pressure is usually kept constant in the experiments. Previously, 32 this model has been studied at NVγT conditions. Differences between NVγT and NP ⊥ γT were found to be minor for this particular system.
We performed simulations of bilayers with different cholesterol concentrations ranging from 0 to 50 mol % at dimensionless temperatures ranging from 0.1 to 1.0. The pure bilayer can be obtained from a self-assembly process. For this study, we generated an initial bilayer in which cholesterol was incorporated by randomly replacing a lipid molecule by a cholesterol molecule in such a way that the total number of lipid and cholesterol molecules on both sides of the membrane is equal. Bennett et al. 24 observed a flip-flop of cholesterol between the two bilayer sides. We did not observe this.
All-atom MD simulations on bilayers composed of DMPC and cholesterol were used for quantitative comparison. A membrane of 72 molecules in total (DMPC and cholesterol) was assembled using the CHARMM-GUI input generator. 47 The replacement method for membrane building was used. An initial constrained equilibration was performed according to the scheme provided by CHARMM-GUI. 48 An equal number of cholesterol molecules were inserted into both leaflets of a DMPC membrane. Three-dimensional periodic boundary conditions were enforced, and a hydration layer of 30 TIP3P water molecules per lipid was used to reduce the mutual influence of images in the direction normal to the bilayer. An initial area of 60 Å 2 per DMPC molecule was set for lower cholesterol concentrations (<20%), while at higher cholesterol concentrations this value was reduced to 50 Å 2 . Both the initial energy minimization and the longer MD simulations were performed using the CHARMM package 49 with the optimized lipid parameters. 50 At this point it is important to mention that our all-atom simulations are relatively small. Such small systems are sufficient to obtain accurate data on the structural properties and allow us to compute these properties for many different cholesterol concentrations. However, larger bilayers are required to obtain mechanical parameters or to study cholesterol clustering.
The MD simulations were performed using the leapfrog Verlet integrator over a time step of 2 fs. A temperature of 30°C was kept constant throughout the simulation as well as constant normal pressure (1 atm) and surface tension (0 dyn/cm), therefore sampling at the NP ⊥ γT ensemble. The nonbonded van der Waals interactions were smoothed by a switching function between 10 and 12 Å. The particle mesh Ewald 51 method was used to calculate the long-range interactions beyond this cutoff. Bonds involving hydrogen atoms were kept fixed using the SHAKE algorithm with a tolerance of 10 -6 . An initial 500 ps minimization was performed according to the scheme provided in CHARMM-GUI. 47 Statistical averages were then obtained from a nanosecond trajectory following 3.5 ns of equilibration.
Results
Comparison with Mechanical and Structural Properties at 30°C. First, we test our model by a detailed comparison with the experimental data on the effect of cholesterol on various structural and mechanical properties of the bilayer with our simulation results using both all-atom and mesoscopic simulations. Most of these experiments were performed at 30°C, right above the main transition temperature of pure DMPC, which is 24°C. We also compare with the data obtained by all-atom simulations, as a further validation of the coarse-grained model.
Structural. Figure 3a shows our simulation results for the average molecular area, A M , as a function of cholesterol composition together with the experimental data, which have been extracted from X-ray scattering experiments. 8, 52 The allatom simulations reproduce the experimental data very well. For pure DMPC, our mescopic model gives a slightly smaller area. Figure 3a shows that experimentally a nonlinear decrease of the area per molecule as a function of cholesterol concentration is observed. The A M is smaller than the A M calculated from the mixing rule. This nonideal mixing behavior is called the condensation effect of cholesterol. Both all-atom and molecular simulations correctly predict the nonlinear decrease of the area per molecule as a function of cholesterol concentration. Figure 3b shows the relative increase in bilayer thickness in the presence of cholesterol. Experimentally, X-ray scattering provides the phosphorus to phosphorus distance (PtP) as a measure of this thickness. 8, 52 We used the same definition in our all-atom simulations. For our mesoscopic model, we used the average distance between the beads containing the phosphorus atoms. For a pure DMPC bilayer, we obtained a bilayer thickness of 38.7 Å for the mesoscopic and 36.1 Å for the allatom simulations. These data compare well with the experimental value of 36 Å. 52 Both experiments and simulations show a strong swelling of the bilayer thickness when up to 20-30 mol % cholesterol is added. This increase levels off when more cholesterol is added to the bilayer.
The effect of cholesterol on the ordering of the lipid tails is illustrated in Figure 3c . In the experiments, the lipid tail order parameter, S NMR , is obtained from deuterium NMR experiments and is related to the average angle θ, between a C-D bond and the normal to the bilayer, by S NMR ) 2|S CD | ) |〈3 cos 2 θ -1〉|. From all-atom simulations, one can directly obtain this NMR order parameter. The average angle between a C-C bond and the normal to the bilayer is geometrically related to the desired angle θ. Hence, 2|S CD | and 2|S CC | ) |〈3 cos 2 -1〉| are expected to follow the same qualitative trend. We tested and validated this with our all-atom simulations (see Figure 3c ). Therefore we use 2S TT ) |〈3 cos 2 R -1〉| as the tail order parameter in our mesoscopic simulation, with R being the angle between two consecutive tail beads and the bilayer normal. Both all-atom molecular simulations and mesoscopic simulations reproduce the experimentally observed increase in lipid tail order when cholesterol is added to the bilayer, although the agreement is quantitatively better for all-atom molecular simulations.
The experimental data allow us to validate our model through various structural properties. It does not, however, allow us to validate the specific molecular organization of the lipids. To this end, we use the comparison to all-atom simulations. Figure Figure 3 . Comparison of structural and mechanical parameters as a function of cholesterol concentration obtained from X-ray scattering experiments (unless specified) and all-atom and mesoscopic simulations. All data are at 30°C (unless specified). (a) Area per molecule, A m . Experimental data from Hung et al. 52 The dotted line represents the area per molecule calculated with the mixing rule. (b) Relative bilayer thickness, d/d 0 . Experimental data from Hung et al. 52 and Pan et al. 7 d is the phosphorus to phosphorus distance in the electron density profile, and d 0 is the thickness of the pure bilayer. (c) Lipid tail order parameter. Experimental data from Mills et al. 6 Illustration of the qualitative agreement between S CC and S CH using all-atom simulations and comparison to S TT from mesoscopic simulations. (d) Relative bending modulus, κ C /κ C0 , and relative area compressibility modulus, κ A /κ A0 . Experimental data from Pan et al. 7 and from Meléard et al., 67 extracted from fluctuations of giant vesicles observed by microscope, and from Needham et al., 54 obtained from pipet pressurization. κ C is the bending modulus, and κ C0 is the bending modulus of the pure bilayer. κ A is the area compressibility modulus, and κ A0 is the area compressibility modulus of the pure bilayer. Figure 3d shows the relative area compressibility κ A /κ A0 and bending modulus κ C /κ C0 . The area compressibility was computed using κ A ) k B TA t /(δA t 2 ), 53 with A t being the total bilayer area and (δA t 2 ) being the mean square of the fluctuations in the area. Given the large scatter in the experimental values (144 ( 10.5 54 and 234 ( 23 dyn/cm 55 ), our result for pure DMPC, κ A ) 250 ( 50 dyn/cm, compares reasonably well. We predict a strong decrease in area fluctuations (δA t 2 ) when cholesterol is added and thus a strong increase in area compressibility, in agreement with experimental observations. 54 To estimate the effect of cholesterol on the bending modulus, κ C , we use the polymer brush model which relates κ A to κ C : κ C ) (1/24)κ A (PtP -10 Å) 2 . 55 For pure DMPC, we compute κ C ) 7.5 ( 2 × 10 -20 J, which is of the same order of magnitude as the experimental value of 5-6 × 10 -20 J. 7, 55 Our model correctly reproduces the increase in bending modulus due to the addition of cholesterol.
Mechanical.
From this comparison of our mesoscopic model with experimental and all-atom simulation data, we can conclude that our very simple model reproduces, almost quantitatively, most structural and mechanical properties of DMPC. At this point, it is important to mention that we have also computed the diffusion coefficients for this model. As can be expected, due to the softrepulsive interaction, these diffusion coefficients are 2-3 orders of magnitude larger compared to experimental values.
Temperature Dependence of the Structural and Mechanical Properties. The bilayer structural and mechanical properties strongly depend on the temperature and the composition. In addition, we can distinguish different bilayer structures at different temperatures and compositions. Figure 5 summarizes the phase behavior of our mesoscopic system. In this text we also call the different bilayer structures phases. Here we briefly describe the different bilayer structures to facilitate the interpretation of the temperature dependence of the mechanical and structural properties of the membrane. In a later section, we outline in detail how this phase diagram is obtained.
For a pure DMPC bilayer, we observed a disordered structure at high temperatures (L R , or liquid phase), a rippled structure at intermediate temperatures (P ′), and a tilted and ordered structure at lower temperatures (L ′, or gel phase).
At high temperatures, we observed that the disordered bilayer structure gradually becomes more ordered when cholesterol is added to the bilayer. This ordered structure is called the L o phase. As temperature increases, the cholesterol concentration at which the L o phase is formed increases as well. At intermediate temperatures, we observe a transition from the P ′ to the L o phase. At low temperatures, the addition of cholesterol results in a nontilted highly ordered structure, called the L c ′ phase. Larger snapshots of different bilayer structures are shown in the Supporting Information.
Structural. Similar to the validation at 30°C, we computed the area per molecule, the bilayer thickness, and the lipid tail order and tilt as a function of temperature and bilayer composition.
Area per Molecule. A M as a function of the bilayer composition and temperature is shown in Figure 6a . In this figure, isolines connect points with the same value of A M . At high temperatures, the bilayer is in the liquid L R phase, where the tails are disordered and have the highest value of A M . A M decreases significantly if the temperature is decreased. As cholesterol occupies a smaller area (A Chol,0 ) 40.3 Å 2 ), the addition of cholesterol decreases A M . Addition of cholesterol decreases the temperature dependence of A M . At low temperatures, in the gel phase, the effect of cholesterol on the area is much weaker.
Needham et al. 54 used micropipet aspiration of giant unilamellar vesicles to determine changes in area as a function of temperature (see Figure 6b) . Needham et al. report a typical S-shape with a sudden decrease in bilayer area around the main transition temperature T M . This S-shape is also reproduced by our simulations, although less steep. When 25 mol % cholesterol is added to the bilayer, the S-shape in the experimental curve disappears; the transition area is much smaller; and below T M the temperature hardly affects the area anymore. As the cholesterol concentration is further increased to 50 mol %, the experimental curve shows no S-shape anymore and becomes almost flat. Our simulations nicely reproduce this experimental trend.
Condensation Effect. An interesting property of cholesterol is its condensation effect. 32, 52, 56 Cholesterol causes the area per molecule to decrease much more than one would expect on the basis of ideal mixing:
, where A pc,0 and A Chol,0 are the area per pure lipid and cholesterol, respectively. Figure 6c shows the influence of the temperature on the condensation effect. At low cholesterol concentrations, the condensation effect is small and does not depend on temperature. We find a strongly condensed region above the main transition of pure DMPC for cholesterol concentrations above 20 mol %. This condensation gap has not been measured directly. Interestingly, one can find indirect proof of this gap by combining the relative area measurements of Needham et al. 54 with the absolute values of A m obtained by Hung et al. 52 Figure 6d shows a clear condensation gap for these combined data at conditions similar to our mesoscopic model. Quantitatively, the experimental maximum condensation effect is about 4 Å 2 higher than simulated and located at lower cholesterol concentrations, indicating that our model slightly underestimates the strength of the condensation effect. Apart from this, the agreement is surprisingly good. A detailed discussion on the mechanisms of the condensation effect has been the focus of a previous paper, 32 in which, however, we did not make the comparison with the experimental data.
Bilayer Thickness. In Figure 7a the relative bilayer thickness, defined as the phosphorus to phosphorus (PtP) distance divided by the PtP distance of pure DMPC at 30°C, is shown as a function of temperature and cholesterol content for the DMPC-cholesterol bilayer. The behavior is similar to the area per molecule. For pure DMPC, we observe a strong temperature dependence around T M . The addition of cholesterol smoothens out the temperature dependence of the bilayer thickness. At high temperatures, cholesterol increases the bilayer thickness, while at low temperatures, cholesterol does not affect the bilayer thickness much. Thus, the bilayer thickness depends on the relative importance of two different effects: the swelling of the bilayer when the temperature is decreased and the swelling of the bilayer when cholesterol is added.
Few experimental data are available for the bilayer thickness, and the effect of cholesterol on the bilayer thickness is still subject to debate. The main transition of a pure DMPC bilayer is accompanied by a sudden increase in bilayer thickness, and small amounts of cholesterol do not seem to influence this bilayer swelling significantly. 57 This is confirmed by our simulation results. Also, it was observed for a DPPC-cholesterol bilayer that, above 25 mol % cholesterol, the bilayer is thicker in the fluid phase and thinner in the gel phase than the pure DPPC bilayer. 58 This is exactly what we compute. Several studies such as the neutron diffraction study of Léonard et al. 59 mention an increase of the hydrophobic thickness by 3-4 Å when cholesterol is added to the DMPC bilayer, independent of the temperature. We clearly simulate a cholesterol dependence of the hydrophobic thickness that does also depend on the temperature. It was also recently reported that the cholesterolinduced bilayer swelling is not observed in vivo.
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Lipid Tail Order and Tilt. The average tail order parameter is shown in Figure 7b as a function of the bilayer composition and the temperature for the DMPC-cholesterol mixture. At high temperatures, the average order of the lipid tails increases steadily when cholesterol is added to the bilayer. At low temperatures, cholesterol does not really seem to affect the order parameter much. At intermediate temperatures, the lipid tail order increases up to a given cholesterol concentration after which it remains rather constant.
The temperature and composition dependence of the average tail tilt is quite similar. This is shown in Figure 7c . The only qualitative difference is that at low temperatures cholesterol concentrations ranging from 0 to 30 mol % also increase the tilt parameter, which corresponds to a decrease in lipid tail tilt. The tilt parameter is defined as 2S T1T4 ) |〈3 cos 2 R -1〉|, with R being the angle between the first and the last tail beads and the bilayer normal.
Systematic qualitative experiments have been performed by Wilson-Ashworth et al. 61 for the DPPC-cholesterol mixture. Their results can be summarized as follow: above the main phase transition temperature, cholesterol induces an ordering, which is comparable to the order of pure DPPC between the main and the pretransition temperature. Between the main and the pretransition temperature, cholesterol induces ordering comparable to the order of the pure DPPC below the pretransition temperature. Below the pretransition temperature cholesterol does not seem to affect the order. Qualitatively this is exactly what we simulate.
The ordering effect of cholesterol above T M is agreed upon in the literature. This is not the case for the ordering effect of cholesterol below T M . Shimshick et al. 62 report a slight increase of the average tail order parameter with increasing cholesterol concentration, at temperatures below T M . The lower the temperature, the smaller the cholesterol range over which the biggest increase of S NMR occurs. This is not in agreement with the results of Ipsen et al., 63 who report a decreasing order parameter with increasing cholesterol concentration.
In a DMPC-cholesterol and a DPPC-cholesterol mixture, a phase was observed below the pretransition temperature T P where the lipid chains are less tilted than in the L ′ phase. 64, 65 Karmakar et al. 65 called this phase the P phase. However, experimentally, no agreement has been reached over the exact cholesterol content interval over which this phase occurs. Karmakar et al. 65 mention a pure L ′ phase up to 2 mol % cholesterol, a coexistence of L ′ and P between 2 and 13 mol % cholesterol, and a pure P phase between 13 and 21 mol % cholesterol. Knoll et al. 64 observe a strong decrease of the lipid tail tilt between 8 and 24 mol % cholesterol. In our simulations, for a pure DMPC bilayer, the value of the tilt parameter in the L ′ is around 0.71, corresponding with a tilt of approximately 26°, which compares well with the most recent experimental estimate of 32.3°. 66 Between 0 and 25 mol % cholesterol the value of the tilt parameter increases up to 0.9, corresponding with a tilt angle of of approximately 15°. Thus, our model correctly predicts the decrease in tilt in the gel phase due to the addition of cholesterol.
Mechanical. Figure 7d shows the membrane bending modulus, relative to the cholesterol-free membrane modulus at 30°C
, as a function of the composition, and over the temperature range 24-40°C, i.e., above the main transition temperature of DMPC, which is 24°C. In this temperature range, the bending modulus of DMPC is hardly temperature-dependent. At a constant temperature of, for example, 26°C, addition of cholesterol results in an increase of the bilayer bending modulus. For example, 30 mol % cholesterol multiplies the bending modulus by a factor of 5. With increasing temperature, however, this effect of cholesterol strongly decreases, and at 40°C the addition of 40 mol % cholesterol multiplies the bending modulus only by a factor of 2. This is in good agreement with the factor 2.5, measured experimentally by Meléard et al. 67 This is shown in Figure 3d .
Temperature Dependence of the Lateral Organization of Cholesterol. In Figures 8-10 , the bilayer hydrophobic thickness variations and the local cholesterol concentrations are shown at various cholesterol concentrations for different temperatures. The lateral organization of cholesterol is difficult to measure experimentally but is important for the interpretation of some experiments and for the modeling of cholesterol-lipid interactions. 12 At T ) 30°C (Figure 8 ), when pure DMPC is well in the liquid phase, there are only small and local variations in bilayer thickness. This remains so when cholesterol is added to the bilayer. There are very small regions with and without cholesterol. Dips in the fluorescence intensity as a function of cholesterol concentration have often been presented as evidence for a regular distribution of cholesterol on a fixed hexagonal superlattice in DMPC bilayers. This regular distribution implies that every cholesterol molecule has a preferential location in the plane of the membrane with respect to the other cholesterol molecules. A dip is observed at, for example, 20 mol % cholesterol. [68] [69] [70] However, we could not observe any form of regular cholesterol distribution in our simulations. At higher cholesterol concentrations, i.e., when the bilayer is in the liquidordered phase, small dynamical cholesterol clusters are present.
Experimentally, it would be very difficult to detect such small cholesterol clusters. From the analysis of fluorescence resonance energy transfer data, Troup et al. 71, 72 concluded that cholesterol clusters exist in the DMPC bilayer with 40 mol % cholesterol, above the main phase transition temperature of pure DMPC. Using all-atom simulations, Dai et al. 12 did not observe clustering of cholesterol, but their cholesterol content was never higher than 20 mol % cholesterol. It might well be that part of the cholesterol clustering we observe is related to the slight underestimation of the cholesterol condensation effect.
At T ) 21°C (Figure 9 ), the hydrophobic thickness variations (20 Å for the thin and 29 Å for the thick part) illustrate the ripple phase at 0% cholesterol. Due to the addition of cholesterol, the ripples gradually disappear. In the rippled phase, there seems to be a slight preference of cholesterol for the thicker bilayer domains. In the liquid-ordered phase, small dynamical cholesterol clusters appear. The disappearance of the ripple phase around 20 mol % cholesterol and the preference of cholesterol for the thicker bilayer domains is in agreement with the experimental observations of Mortensen et al. 73 At T ) 10°C (Figure 10 ), the pure DMPC bilayer is well in the gel phase. At high cholesterol concentrations, cholesterol forms larger clusters. It is also more likely to find a cholesterol molecule in both layers at the same position.
Temperature-Composition Structure Diagram. Ideally, one would use a change in the enthalpy as a signature for a phase transition. However, for our system, molecular simulations of the heat capacity signature of DSC experiments are very difficult due to the large bulk water contribution. As an alternative, we used order parameters of the phase transition, which are parameters of which the value significantly changes during a phase transition. For this system, the area per molecule, the bilayer thickness, and the tail order and tilt parameters were considered as order parameters of a phase transition. We defined the inflection points of the curves of the temperature dependence of the order parameters as the boundaries between the phases. For pure DMPC, heating and cooling simulations were performed to check the reversibility of the phase transitions. The rate of heating and cooling was 1°C per simulation. For the main transition, no hysteresis was observed, while for the pretransition, a slight hysteresis (∆T ) (1°C) was present. For the DMPC-cholesterol bilayers, only cooling simulations were performed. For the transitions
we could observe a clear inflection point (see Supporting Information). All other regions were identified by visual inspection of the snapshots. Figure 11 collects the inflection points of these different order parameters as a function of cholesterol composition (the complete curves can be found in the Supporting Information). Within the accuracy at which these inflections points can be determined, all order parameters give similar results. At low cholesterol concentrations, we observed a relatively sharp inflection. For concentrations above 20% cholesterol, this transition became much more gradual. For the L R f P ′ and L R f L o transitions, our data nicely follow the DSC experiments by Halstenberg et al. 4 and McMullen et al. 5 The temperature at which the heat capacity peak is maximal remains approximately constant until 10-15 mol % cholesterol is added, after which the temperature increases. At 15 mol % cholesterol, the DSC peak broadens; a gradual transition or a crossover to the L o phase takes place; and the main transition enthalpy approaches zero between 40 and 45 mol % cholesterol. Also, for the pretransition, our results are in very good agreement with the DSC experiments of McMullen et al. 5 It is instructive to compare our phase diagram ( Figure 5 ) with the experimental ones shown in Figure 1 . The effect of cholesterol on T M in the structure diagram of Recktenwald et al. 74 (see Figure 1b) , obtained with fluidity measurements, is very similar to the effect observed by the DSC experiments and our simulations. In contrast, the structure diagram of Mortensen et al. 73 ( Figure 1a) shows a slight decrease of the temperature of the transition from the L R to the P ′ structure, up to 20 mol % cholesterol.
The DPPC-cholesterol phase diagrams 58, [75] [76] [77] [78] show some qualitative agreement with the DMPC-cholesterol diagrams. 5 In fact, for our mesoscopic model the difference in tail length between DMPC and DPPC is too small to be described by the addition or removal of an extra tail bead. Vist et al. 58 ( Figure  1c ) observed a decrease of the main phase transition up to 8 mol % cholesterol, followed by a liquid-liquid immiscible region. We do not observe such a liquid-liquid immiscibility gap. However, the gradual transition of the L R to the L o phase might explain the broadening of the NMR signal. 58 Recent X-ray scattering experiments also concluded that liquid-liquid immiscibility is not present in the DPPC-cholesterol system. 79 Below the main-transition temperature, the addition of cholesterol induces a gradual transition from a P ′ to an L o phase. Our mesoscopic simulations indicate that the ripple phase exists up to 20 mol % cholesterol, in agreement with the experiments of Mortensen et al. 73 (see Figure 1a) . Vist et al. 58 ( Figure 1c ) observe the coexistence of gel and the L o phase; however, recent X-ray scattering experiments concluded that gel-L o immiscibility is not present in the DPPC-cholesterol system. 79 We do not find evidence from our simulations for this coexistence. It might be that the change in NMR signal, which lead Vist et al. 58 to conclude that immiscibility of two phases might be present, is due to the presence of small ripples, as observed in our simulations. The term liquid-ordered phase was introduced 80 because it was experimentally observed that, although the lipid tails in the L o phase were highly ordered, the diffusion coefficient was, although lower, still of the same order of magnitude as in the L R phase, 10 and surface shear rigidity was absent. 54 The DSC experiments and our simulations show that cholesterol increases the L R f L o transition temperature, which is a natural continuation of the main phase transition line, with the L o phase at the gel-side of the crossover.
As mentioned previously, DSC experiments indicate that the pretransition temperature decreases when up to 6 mol % cholesterol is added and thereafter disappears. The pretransition, as obtained from DSC experiments, is interpreted as the transition from the P ′ to the L ′ phase. 77 Above 6 mol % cholesterol, no significant change in enthalpy was observed. If we compare this with our phase diagram, at approximately these conditions we observe a transition from the P ′ to the L ′ and a transition from the L ′ to the L c ′ phase. In the L ′ phase, we observe that the tilt order decreases as a function of temperature, while in the L c ′ phase the tilt order increases. This behavior gives a very interesting temperature dependence at 10 mol %, in which we observed three inflection points (see Supporting Information for more details). The simulated L c ′ phase, in which the lipid chains are less tilted than in the L ′ phase, was also experimentally observed.
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Concluding Remarks
In this work we have introduced a very simple model of a phospholipid and cholesterol. In this model, cholesterol is characterized by a bulky hydrophobic core, a small hydrophilic head, and a small hydrophobic tail. These ingredients give our model of cholesterol many unique properties. Our model agrees well with experimental data on structural and mechanical properties of the bilayer, as well as with all-atom simulations. This agreement coupled with the reproduction of many experimentally observed DMPC-cholesterol structural and mechanical properties indicates that our model captures the essence of Figure 11 . Effect of cholesterol on the main and the pretransition temperature of a DMPC bilayer. The experimental data were obtained from differential scanning calorimetry by Halstenberg et al. 4 and from deconvolution of the main transition temperature DSC peak by McMullen et al. 5 The open symbols are the results of the simulations using the temperature-composition position of the inflection points of the curves representing the values of the area per molecule, lipid tail order, lipid tail tilt, and bilayer thickness as a function of temperature, at a given cholesterol concentration.
DMPC-cholesterol mixing. The temperature-composition dependence of the lateral organization of cholesterol might give important information for the correct interpretation of experiments.
For most thermodynamic systems, the addition of a second component induces disorder into the system. The addition of cholesterol, however, causes the lipid molecules to order. Our simulations show that this effect strongly depends on temperature. At very high temperature, the membrane can accommodate a significant amount of cholesterol without structural changes. At low temperatures, cholesterol induces different phases in which the lipid tails are more ordered. Such a more ordered structure allows the lipids to support cholesterol by reducing the water hydrophobic contacts. In this context one can understand the role of the bulky hydrophobic core and the relatively small hydrophilic head.
The main result of the work is the phase diagram shown in Figure 5 . We have argued that one can find experimental evidence for most of these phases. However, more importantly our model calculations provide a rationale for why the "true" experimental phase diagram is not known. The simulations show that cholesterol induces many subtle structural changes, which may or may not be observable for different experimental techniques. Reflecting the simplicity of the model, we obtain general insights which may help experimentalists interpret their phase diagrams.
